New manufacturing methods involving direct fabrication processes seem ideal for mass customization or "just-in-time" production. The use of tool-less means of production ensures reduced lead-time and lower cost. Besides, they provide flexibility in design and fabrication, which are essential for small lot sizes. However, part quality and production reliability are challenges that must be met. When adapted to the micro-factory paradigm, direct manufacturing can be made portable and capable of remote manufacturing. The benefits of miniaturization are savings in materials and energy consumption, but the increased surface area to volume ratio has implications for material behavior, especially mechanical strength. The newest incarnation of direct manufacturing is direct digital manufacturing or DDM, which involves localized deposition of material or energy and the creation of heterogeneous objects with digital means of control. DDM seeks spatial control of macrostructure, composition, texture and properties with the possibility of producing materials with unusual behavior, functionally gradient structures and integrated component devices. For DDM, multi-material design, precision in deposition, shaping and removal and understanding of heterogeneous material behavior are challenges.
Introduction
The Office of Naval Research (ONR) Manufacturing Science Program's (MSP) primary goal is to foster the discovery and invention of novel means of production across length scales of materials and structures having unusual properties and unique functionalities. Another goal of MSP is to push production technologies that will drastically reduce the product realization cycle and, hence, reduce the cost of acquisition. The MSP encourages research in manufacturing methodologies that will offer the ability to produce parts and devices in small lot sizes or in lot sizes of ONE, rapidly and near or close to point-of-use. These mass customization and on-demand production trends require new manufacturing paradigms and a multi-disciplinary basic research approach. The MSP seeks disruptive manufacturing technologies that have the potential to shift the economic balance for rapidly reconfigurable, low volume manufacturing. Direct manufacturing is a set of technologies capable of rapid production of parts and components through the additive process and without tooling and fixturing. Progress is ongoing in the development of direct manufacturing technologies, especially for single material parts and components. However, these novel methods of production need to move into new directions and new challenge areas such as miniaturization of parts and machines, development of portable, reconfigurable and interoperable fabrication systems capable of remote manufacturing, fabrication of heterogeneous objects, and development of hybrid processes. As new materials and structures are designed for multi-functionality, e.g., autonomic materials and hierarchical structures, manufacturing technologies developed for each length scale -macro-, micro-or nano-scale -will have to be seamlessly integrated to achieve products with a desired set of attributes. An example would be combining direct manufacturing with nano-scale manufacturing in a micro-factory to produce miniaturized, multi-functional products, rapidly and remotely.
Technology Drivers
Innovation, sustainment and affordability are some of the technology drivers the ONR Manufacturing Science Program seeks to address. Innovations of interest to MSP are a "universal machine" for production, precision control over dimensional scales and cyber-enabled manufacturing. A "universal machine" will enable the full realization of the "art-to-part" concept, virtual prototyping and manufacturing, and personalization and customization. Precision control will be needed as production is linked across length scales (nano to micro to macro). Certification of part integrity and compliance with product specifications are other needs. Cyber-enabled manufacturing will make the means of production smart and interoperable. In the future fabrication units and fabricated devices will be "net-enabled". Sustainment is making available spare and replacement parts, old "legacy" parts and part repair and refurbishment constitute. Spare and replacement parts must be reliable but inexpensive. They are purchased at the lowest possible price, but the down side is long, unacceptable lead times. A solution could be to have an inventory of parts. But, storing parts can be costly, especially at remote locations, where space is premium. A better solution is to develop "just-in-time" production practice or parts "on-demand" concepts. Solutions to the "legacy" parts problem are "obsolescence" engineering, "reverse" engineering, and digitizing and cataloging drawings. Obsolescence engineering will need to address issues such as planned recycling and safe disposal. Reverse engineering would require re-design, re-certification and re-installation, but can be very costly. An acute need is to digitize and catalog every part in the inventory for later reproduction by digital means. This will ensure that each part is documented and will never be lost. Instead of an inventory of parts there'll be a database of CAD files. Repair and refurbishment of parts is part of maintenance, and repair shops need to be strategically located as risk mitigation tools. Technology is needed for repair in situ or in confined spaces without removal of large portions of the system. A robotic remote repair apparatus needs to be developed. The affordability challenge is to make custom parts at commodity prices for everyone. The necessity is affordable, low volume quality manufacturing. Highly customized products are expensive and dominate system costs. It is hoped that direct manufacturing will make customized parts affordable. In sophisticated systems such as aircraft airframe, the occurrence of flaws can be very costly and it is hoped that direct manufacturing will produce defect-free products and bring repair costs down. Software, especially as its development becomes intensive for complex systems, also contributes to the cost. However, the belief is that the value-added will offset the increased cost.
Direct Manufacturing
Direct manufacturing is a tool-less means of production, which relies upon additive processes to build objects and parts from the bottom up [1] . A digital representation of an object is decomposed into layers, a process planner determines motion control trajectories for each layer and, following these instructions, a fabrication machine faithfully produces the object in physical form, layer-bylayer. Each step is automated to enhance accuracy, reproducibility and production efficiency. Doing away with tooling and fixturing allows design flexibility and realization of complex shapes, especially intricate internal geometries, which are not possible by conventional means. Direct manufacturing techniques have matured to a level where single material parts are now routinely made for specialized, small lot applications. In addition, fabrication machines are being built and marketed for research, prototyping and manufacturing applications. Techniques involving discrete deposition or shaping of material, selective sintering or fusing of feed material have been developed. Some examples of parts produced by direct manufacturing are laser melt deposited titanium and other metal aerospace parts, Fig. 1(a) , selected laser sintered (SLS) nylon and other polymeric aerospace and automotive parts, Fig. 1(b) , 3D printed (3DP) new or replacement metallic parts, Fig. 1(c) . Some of these methods have been applied for repair and refurbishment. An example is repair of air seals by laser melt deposition is shown in Fig. 1(d) .
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PRICM 6 Fig. 1 . Direct manufacturing. (a) Laser additive manufactured titanium pylon ribs after finish machining (AeroMet) (b) SLS produced nylon helicopter gyro test fixture (NUWC-Keyport.) (c) Bronze infiltrated stainless steel support bracket produced by 3DP (NUWC-Keyport.) (d) Air seals repaired by LENS (NUWC-Keyport.) Direct manufacturing will not replace mass production. It would be uneconomical. However, it should achieve the status of an additional unique capability on the shop floor for the production of one of a kind part or a part with a novel complex design. Several materials and product challenges need to be met before direct manufacturing achieves the wide acceptance and maturity that established manufacturing techniques enjoy. For instance, the properties of materials made by additive means must meet or exceed the specifications for materials made by conventional methods. This is true of well-developed techniques such as laser deposition and laser sintering. Accuracy in dimensional tolerance and surface finish has improved through improved process sensing and machine control. However, subtractive processes such as machining cannot be entirely dispensed with and some amount of finishing, especially of mating surfaces, is sometimes needed to achieve dimensional accuracy. For this purpose, some of the additive machines are being outfitted with subtractive tools such as grinding or milling. Research work has moved in the direction of optimizing alternate additive/subtractive cycles and in detecting, removing and rebuilding defective layers.
Direct Digital Manufacturing
The next advance in direct manufacturing is direct digital manufacturing (DDM). DDM is a process by which materials and structures are fabricated with precise local control of material attributes. Such digital control of the chemistry, microstructure and behavior can result in materials with properties not found in naturally-formed substances. Metamaterials is such a class of "unnatural" materials, examples of which are negative refractive index materials and left-handed materials. DDM could be used to create materials with gradients and spatial distributions of composition, macrostructure, crystal structure, texture, porosity and defects. Fig. 2(a) gives an example of a graded stainless steel flywheel made by laser deposition. DDM could be applied to create heterogeneous objects such as the 3D color printed model shown in Fig. 2(b) . It could be used to create conformal internal geometries as shown in Fig. 2(c) . DDM seeks process monitoring and control at the voxel level, a voxel being the smallest volume in the material that could be manipulated for composition and properties. DDM concepts could be developed for materials with tunable electronic and mechanical properties, mechanical components with reinforced high stress regions, casting molds with heat sinks and melt risers, integrated multi-component devices, precise localized repair of worn components, and components with embedded structures, circuits and electronics. DDM certainly appears to be a promising way to create materials and structures with unusual properties and behavior. It would seem that any exotic material or structure could be designed and fabricated by DDM. With DDM, the design space would know no bounds. However, for DDM to succeed, a basic set of principles has to be developed to understand materials processes, especially when multi-material deposition is involved, and the process dynamics. In order to control several fabrication operations occurring sequentially or simultaneously, protocols for closed-loop process monitoring and control need to be developed. Digital representations and algorithms to enable compilation into an optimized process plan from engineering design need to be developed. DDM's success will depend upon achieving manufacturability, scalability, and repeatability with the smallest minimum feature size and highest resolution. The determination and understanding of behavior of materials with spatially controlled composition or microstructure is in its infancy and will require first principles simulations coupled with experimental verification.
The successful development of DDM will permit the fabrication of multi-functional components and devices, such as structure-power and stealth armor, and functionally-graded materials and structures, such as surface hardened gears, compression-strengthened ceramics, optical gradient index lenses, index-profiled lasers, acoustic and photonic band gap materials, and cellular and negative Poisson's ratio structures. However, for digital fabrication to become a viable approach, it is important to develop methodologies to sense and control the choreography of multi-material deposition and removal and variable energy deposition. Precision and accuracy of these processes will be the key to the faithful reproduction of original product design. For DDM, the manipulation of the physical processes at the local level coupled with real-time process monitoring and control performed across a global virtual network can be achieved with the application of concepts developed for cyber-enabled engineering. Cyber-enabled engineering involves the rapid and reliable development of computer-and information-centric physical systems and efficient integration of information, computation, communication and control. Cyber-enabled manufacturing should achieve accurate spatial control of properties, significantly improve tolerances and precision, which would enhance producibility, and thus, affordability.
From a basic science perspective, fundamental principles need to be developed to understand the dynamical materials processes, especially the interplay of a variety of material and its influence on spatial control of properties. Digital representations (voxel size and distribution) of heterogeneity and algorithms to enable compilation into an optimized process plan from engineering designs need to be developed. Information and computation protocols need to be developed for each stage of manufacturing such as product design, materials processing, and component integration and applied to DDM. Cyber-enabled engineering methodologies are needed that will utilize virtual networks for digital fabrication at the local level and sensing, measuring and positioning at the global level. Also needed are innovative methods for observation and manipulation of the physical processes and integration of measurement and metrology with computing and communications hardware 824 PRICM 6 capabilities. A scalable and reliable software infrastructure tailored to the needs of cyber-enabled DDM needs to be developed.
Remote Manufacturing and Portable Systems
A major factor in the increasing cost of product acquisition is logistical bottleneck [2] . Parts and components may be needed on location such as at point-of-use or near production, customer or consumer. Parts may be needed at a remote location, for example, for humanitarian relief in regions affected by tsunami, drought or ethnic strife, or for exploration in remote locations such as Antarctica, Moon or Mars, or in areas of conflict in support of troops, peace-keepers, equipment, machinery and supplies. The need would be for a mobile, portable, deployable manufacturing system. In addition, the manufacturing system should be agile and flexible and have a high production rate. The timely supply of parts and components will save time, equipment and lives. The availability of a deployable, mobile manufacturing system will make the remote location self sufficient and sustainable. The capability of rapid production at a remote location such as a distant land or ship or space station or planet is especially important because limited space is available for storage of spare parts and transporting them is costly. Parts would have to be ordered from a supplier who may be thousands of miles away. Sometimes the supplier or OEM may no longer exist. Stored parts are prone to obsolescence, damage and deterioration. To remain operational, the ability to replace or produce new parts, repair or refurbish old parts and adapt to rapidly changing needs is required. The repair or replacement of degraded or failed parts on-location will allow the continuation of mission with least disruption. For remote manufacturing to succeed, issues such as raw material stockpile, part quality, and part delivery must be addressed. The selection criteria for powder or filament-based raw materials are manufacturability, shelf life, stability (reactivity) and ability to make maximum number of components with minimum number of stock materials. Structure-property, surface finish and dimensional accuracy constitute part quality. In addition, parts should be produced with the highest possible build rate for shortest possible delivery time. For high quality and rapid production process modeling and closed loop process control are needed. Predictive process maps need to be developed based on process simulation, visualization and measurement data. Besides being rugged and reliable (no facility down time), the remote manufacturing machine should have a build envelope flexibility so parts in a variety of sizes can be produced. It will be helpful to have operator-friendly software and machine operation, a networked system for on-line file transfer and digital operation, the smallest possible footprint and stability to motion and vibration.
One way to make a manufacturing system portable is to miniaturize it. Micro-manufacturing is assuming greater importance because of several benefits from miniaturization of products and machines that produce them [3] . Some of the benefits are savings in material usage, power needs and energy consumption. Savings in machine construction, operation and maintenance costs are also benefits. Miniaturized parts and components, such as those shown in Figs. 3(a) and (b), result in smaller, lighter and portable products, such as the micro-devices shown in Figs. 3(c) and (d) . An example of a micro-machine is shown in Fig. 3(e) . The ideal manufacturing system would be a micro-factory or desktop factory, such as the one shown in Fig. 3(f) , which would be a selfcontained, self-sustaining, modular system capable of serial operations such as machining, cleaning and assembly. Most of the established micro-manufacturing operations are subtractive involving material removal via micro-machining or EDM, laser, e-beam or FIB-assisted machining. Other subtractive process involve electrochemical etching and spark-assisted engraving, especially for smaller length scales. Some micro-scale processes involve near net-shape methods, e.g., micromolding, micro-forming, micro-extrusion, micro-stamping and micro-pressing. Hot embossing and micro-contact printing are promising techniques for sub-micron feature size, but are in the developmental stage. Subtractive and net-shape processes require tooling or fixturing, which can lengthen the cycle time and increase the cost. Additive processes such as SLS, stereolithography, direct deposition, ink jet printing and direct write could be adapted to micro-manufacturing. These do not require tooling and would reduce the cycle time and cost by harnessing the benefits of direct manufacturing. Cycle time is further shortened because direct manufacturing could bypass some of the assembly steps. However, as part and component size is reduced, surface effects become more important than bulk effects, which will significantly affect material behavior at the micro-scale. Grain size becomes comparable to feature size, diffusion distances are shorter, material flow occurs in confined spaces and material becomes sensitive to inhomogeneities and flaws. Direct digital manufacturing needs to be developed for the micro-scale and its integration into the micro-factory will result in a manufacturing system with advantages of small lot size, short cycle time, low cost and portability. 
Summary
Direct manufacturing has many advantages. It provides the ability to produce materials, parts and components at short notice, in small lots and with cost savings. However, the quality of products thus produced must be verified and their production must be consistent. Direct manufacturing will allow the development of portable systems, which could be fielded at remote settings. Portability can be achieved by adapting direct manufacturing to the micro-factory paradigm. Besides miniaturization of products micro-manufacturing provides cost savings in terms of materials and energy consumption. However, it is important to understand the behavior of micro-scale materials and structures because the small-scale results in a higher surface area to volume ratio, which has implications in material behavior. While direct digital manufacturing offers many new exciting opportunities in material and structural design and unique behavior and multi-functionalities, the digital or discrete method of processing needs to be understood in terms of precision and control. The development of cyber-enabled manufacturing is needed for the successful application of DDM to the production of materials, structures and components with unique, multi-functional behavior.
